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Abstract The investigation of memory function using
functional magnetic resonance imaging (fMRI) is an ex-
panding field of research. The aim of this study was to
demonstrate brain-activity patterns related to a word-pair
association task employing a whole-brain EPI sequence.
Six right-handed, healthy male volunteers (mean age:
27.5 years) took part in the study. fMRI was performed
at a field strength of 1.5 Tesla with 26–32 slices parallel
to the AC-PC line, depending on individual brain size.
Distributed brain regions were activated in episodic en-
coding and retrieval with similarities, but also (distinct)
differences in activation patterns. Bilateral prefrontal
cortical areas were involved when comparing encoding
as well as retrieval to the reference condition (nonsense
words). Furthermore, activation was observed in cerebel-
lar areas during encoding, and activation in bilateral pa-
rietal areas (precuneus and inferior parietal cortex) was
differentially more pronounced during retrieval. The ac-
tivation of left dorsomedial thalamus during retrieval of
high imagery-content word-pair associates may point to
the role of this structure in episodic retrieval. The direct
cognitive subtraction of encoding minus retrieval yielded
a differentially larger left prefrontal activation. There
was a differentially higher right prefrontal activation
during retrieval than during encoding, underlining the
proposed right/left asymmetry for episodic memory pro-
cesses.
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Introduction
Different types of long-term memory systems have been
described in the literature. On the one hand, there is ex-
plicit memory, which is divided in declarative episodic
memory (e.g., paired associate learning and retrieval) or
semantic memory (i.e., general knowledge of the world).
On the other hand, there is implicit memory, which de-
scribes nondeclarative memory (i.e., skills or behavioral
procedures) (Tulving 1983, 1985; Fletcher et al. 1995a).
Conventionally, episodic memory processes have been
separated into two different stages, either involving the
processing and incorporation of novel information (en-
coding) or recollection of previous stored events (retriev-
al) (Tulving 1983, 1985; Tulving et al. 1994). During re-
trieval in episodic memory, the unique context associated
with a learned episode is accessed as part of the retrieval
event. This differs from semantic retrieval, where access
to contextual information is not required (Tulving 1983,
1985; Buckner et al. 1995, 1996).
Most theories concerning the organization of the
memory system were developed based on animal studies
(e.g., Kievit and Kuypers 1977; Asanuma et al. 1985;
Yetarian and Pandya 1985; Cavada and Goldman-Rakic
1989a, 1989b) or lesion studies and case reports (e.g.,
Scoville and Milner 1957; Penfield and Milner 1958;
Warrington and Weiskrantz 1982; Zola-Morgan et al.
1986; Schacter 1987; Weiskrantz 1987; Rudge and War-
rington 1991). The investigation of cognitive mecha-
nisms using functional neuroimaging has advanced rap-
idly in the few past years (for reviews, see Tulving et al.
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1994; Gabrieli 1998; Nyberg et al. 1998; Schacter and
Wagner 1999), where most studies concerning memory
functions have been carried out using positron emission
tomography (PET).
After the first successful demonstration of brain activ-
ity with magnetic resonance imaging (MRI) was present-
ed by Belliveau and co-workers (1991), the use of fMRI
in the study of cortical functions evolved rapidly
(Bandettini et al. 1992; Le Bihan et al. 1993; McCarthy
et al. 1994; Demb et al. 1995; D’Esposito et al. 1995;
Buckner et al. 1996; Spitzer et al. 1996; Stern et al.
1996; Busatto et al. 1997; Cohen et al. 1997; Gabrieli et
al. 1997; Kelley et al. 1998; Wagner et al. 1998). The
rapid acceptance of fMRI as a method for investigation
of brain function is based on the lack of ionizing radia-
tion, its complete non-invasiveness, and, as compared
with PET, the higher spatial resolution (Le Bihan 1996).
The non-invasive nature of the technique confers the sig-
nificant advantage that longitudinal studies, and thereby
easier optimization of paradigms, become possible.
In particular, the investigation of memory function us-
ing fMRI is an expanding field of research (Le Bihan et
al. 1993; McCarthy et al. 1994; Demb et al. 1995;
D’Esposito et al. 1995; Buckner et al. 1996; Spitzer et al.
1996; Stern et al. 1996; Busatto et al. 1997; Cohen et al.
1997; Gabrieli et al. 1997; Kelley et al. 1998; Wagner et
al. 1998). Recent studies have evaluated working memo-
ry tasks (Demb et al. 1995; D’Esposito et al. 1995;
Buckner et al. 1996; Gabrieli et al. 1997) or episodic
memory (Busatto et al. 1997; Kelley et al. 1998; Wagner
et al. 1998).
In most of the recent fMRI studies of memory, EPI
sequences covering only parts of the brain (e.g., prefron-
tal cortex, hippocampal area) have been used, omitting
important brain areas likely to be involved in the distrib-
uted processing of semantic and episodic memory. To
our knowledge, our study is one of the first to apply
whole-brain-coverage fMRI in the field of memory re-
search, showing the disperse cortical areas being in-
volved in episodic memory encoding and retrieval. Our
intention was to disentangle the different brain regions
involved in paired-word association learning and re-
trieval.
Material and methods
Subjects
A total of six right-handed (according to the Edinburgh handed-
ness scale: Oldfield 1971) male volunteers (mean age: 27.5±1.4
years) with no history of neurological or psychiatric illness took
part in the study, which was approved by the local ethical commit-
tee and federal authorities. All subjects gave informed, written
consent for participation in this study.
fMRI
Functional MR imaging was performed on a 1.5 Tesla MRI system
(Siemens Magnetom Vision, Erlangen, Germany), equipped with
EPI capabilities and a transmit/receive head coil. The subjects
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were positioned in the scanner with the head immobilized using
foam supported cushions. Sequences with the following parame-
ters were employed: gradient echo EPI; repetition time (TR)=5 s;
echo time (TE)=66 ms; field-of-view (FOV)=200 mm; flip angle
( q )=90°; matrix size=64 · 64, giving an in plane pixel size of
3.13 · 3.13 mm2. Using a midsagittal scout image, 26–32 axial slic-
es (4 mm thickness and 0.4 mm interslice gap) were oriented
along the anteriorposterior commissure (AC-PC) line. In addition,
high-resolution anatomical images of the brain were obtained by
using the 3D MP-RAGE sequence (rapid acquisition gradient
echo) with the following sequence parameters: TR=11.4 ms;
TE=4.4 ms; q =15°; FOV=200 mm; matrix size=200 · 256;
128 sagittal slices with a thickness of 1.41 mm or 1.33 mm.
During each experimental condition, a series of 21 EPI whole-
brain data sets were acquired. Each series consisted of a baseline
period followed by an activation period and terminated with a
baseline period. Each subject underwent four sessions. During the
first session, the subjects were presented with the single or paired
nonsense words, respectively, during activation. The second ses-
sion served for the first presentation of the word-pairs that had to
be encoded during the activation period. Between the second and
the third session, the subjects were presented with the word-pairs
as often as necessary, according to the individual performance
tested prior to scanning (Table 1). During the third session, the re-
trieval condition was presented. The fourth session again was the
presentation of single or paired nonsense words, respectively. Dur-
ing the baseline periods, subjects heard only the ambient machine
noise, but did not perform the memory task, while during the acti-
vation period, during which the visual-verbal memory task or the
reference task was switched on, the subjects were required to per-
form the memory task or read the nonsense words silently. Each
series began with nine baseline data sets, three of which were dis-
carded to allow the MR signal to reach equilibrium and an initial
baseline to be established. This was followed by the acquisition of
six data sets, during which activation stimulus was present, and a
final baseline of six data sets. The total duration of each image se-
ries was 105 s.
Paired word association learning
A visual-verbal declarative memory task was evaluated. Subjects
were presented visually with word-pairs of high imagery content,
which were not semantically related. These “hard” word associa-
tions (Wechsler 1945) were used to increase the mnestic demands.
Study words were two-syllable German words that were between
four and seven letters in length and of moderate frequency (Meier
1964). Baschek and co-workers (1977) evaluated 800 German
words of moderate frequency with respect to their imagery content
in a group of 80 students based on a work by Paivio (1966). An
imagery score was established ranging from 1–7, 1 being of low
Table 1 Memory performance of the subjects (in % correct) im-
mediately after the scanning (performance 1) and 1 week later
(performance 2). The presentation rate depended on the prescan-
ning testing. Subjects were presented with a different word-pair
set prior the actual experiment until they retrieved about 70% of
the to be encoded material
Subject Memory performance
Performance 1 Performance 2 Presentation rate
1 100 92 2
2 100 100 3
3 92 50 2
4 100 100 2
5 66 17 5
6 100 92 4
Mean 93 75
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(i.e., abstract) and 7 of high imagery content. For our study, we
used high-imagery-content words in the range between 5 and 7.
Word pairs (with the second word presented under the first to
avoid lateralization effects) were presented on a translucent screen
placed at a distance of about 50 cm from the eyes. Subjects
viewed the words with the aid of an overhead mirror. The letters
were white on a black background and centered. The presentation
of single nonsense words (reference II) or nonsense word-pairs
(reference I) served as reference conditions. The subjects were in-
structed to read the nonsense words silently without learning
them. The nonsense words were two syllable pseudowords with
4–7 letters and obeyed German spelling rules.
Prior to scanning, all subjects underwent memory-performance
testing. Subjects were presented with 12 word pairs while lying in
the magnet. Immediately afterwards, they were asked to retrieve
the corresponding word-pair associate after randomized presenta-
tion of the first words of each word pair. Individual performance
was evaluated by repeating the storage and retrieval task for the
number of times the volunteer needed to successfully retrieve
about 70% of the randomly presented word pairs (Table 1).
During scanning, a different set of 12 word pairs was presented
as often as the previously determined individual performance re-
quired. We only used the first encoding of the word pairs for the
analysis. In the subsequent retrieval condition, the first words of
each word pair were again randomly presented. Subjects were
asked to retrieve the associated word by using inner speech to pre-
vent movement artifacts. The subjects were only presented once
with the retrieval condition. Immediately after scanning, recall ac-
curacy was tested.
Data analysis
Image analysis was performed on a SPARC Ultra 1 workstation
(Sun Microsystems) using MatLab (Version 4.2c) and the SPM96
software (SPM software, The wellcome Department of Cognitive
Neurology) (Friston et al. 1994a, 1994b, 1995a, 1995b, 1995c; 
Poline et al. 1995; Worsley and Friston 1995).
First, the 18 volume images of each condition were automati-
cally realigned to the first image to correct for head movement be-
tween scans (Friston 1995a). The data sets of the encoding and re-
trieval conditions were then co-registered with the 3D anatomical
image and transformed into the standard stereotactic space corre-
sponding to the atlas of Talairach and Tournoux (1988). Within
this normalization, the voxels of the 3D image were slightly
smoothed to achieve an isotropic voxel size of 4 · 4 · 4 mm (Poline
et al. 1995). Voxels that had values greater than 0.8 of the volume
mean in all the images were selected to restrict that analysis to in-
tracranial regions. Low frequency artifacts arising from aliased
cardiorespiratory and other cyclical components were removed
with high-pass filtering (0.5 cycles/min) of the time series. In or-
der to present the overall pattern of activation across subjects, the
stereotaxically transformed functional data sets from each subject
were slightly smoothed with a Gaussian filter with a root-mean-
square radius of 8 mm to compensate for inter-subject differences
and to suppress high-frequency noise in the images. With these da-
ta, group activation maps were calculated by pooling the data for
each condition across all six subjects. The alternating periods of
baseline and activation were modeled using a simple smoothed,
delayed box-car reference vector to take account of the delayed
cerebral blood flow changes after stimulus presentation. Signifi-
cantly activated voxels were searched for by using the “general
linear model” approach for time-series data (Friston et al. 1994a,
1994b, 1995a, 1995b, 1995c; Poline et al. 1995; Worsley and
Friston 1995). For this, we defined a design matrix comprising
contrasts testing for significant activations during episodic encod-
ing versus reference I and retrieval versus reference II. Voxels
were identified as significantly activated if they passed the height
threshold of z=2.33 (P<0.01) and at least belonged to a cluster of
20 activated voxels (k=20). For the cognitive subtraction “encod-
ing minus reference I” versus “retrieval minus reference II” and
vice versa, an additional design matrix was defined with a more
lenient threshold (z=1.65; P<0.05; k=20). The activated voxels
surviving this procedure were superimposed on SPM glass brain
projections (see Figs. 1, 2, 3, 4). With the aid of published Talair-
ach-coordinates (Talairach and Tournoux 1988), clusters of acti-
vated voxel were assigned according to their center-of-mass acti-
vation.
Results
Memory performance
The prestudy training period was carried out to assess
the individual presentation rate at which recognition per-
formance was above 70%. Post-measurement question-
ing of the subjects after the fMRI measurement (2–5 pre-
sentations, depending on individual performance) result-
ed in a high overall recognition performance of
93%±13.6% (Table 1). Most of the subjects used imag-
ery when recalling the high imagery content items in the
episodic memory task. In addition, we could show that
the subjects had stored the learned word-pairs into long-
term memory by testing them 1 week later with the same
retrieval task (75.2%±34.1%). The performance was
about 80% of the words initially learned (t-test: P=0.051;
Table 1).
Fig. 1 Encoding of word-pairs minus reference I. Spatial distribu-
tions of significantly activated voxels are shown as integrated pro-
jections along sagittal, coronal (image right is subjects right), and
transverse (image top is subjects left) views of the brain (from left
to right)
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Pooled analyses
Encoding of word-pairs compared with reference I:
increases in the BOLD signal
During encoding of word pairs, significant increases of
the BOLD signal were observed in the left (BA 7,
z=3.56) and right (BA 7, z=2.83) precuneus, the anterior
cingulate (BA 32, z=4.47), in three distinct left frontal
cortical areas including parts of the supplementary and
pre-supplementary motor cortex (BA 6, z=3.73; BA 8,
z=3.76; BA 9/46, z=3.40), two distinct right frontal corti-
cal areas (BA 8, z=3.49; BA 9/46, z=4.38), and in the left
dorsal parahippocampal area (z=3.02) (Table 2, Fig. 1).
A significant increase of the BOLD signal was also ob-
served in bilateral cerebellar areas with a larger cluster
size on the left side (left, z=3.27, k=41; right, z=3.82,
k=20).
Retrieval of word-pair associates compared
with reference II: increases in the BOLD signal
Significant increases in the BOLD signal comparing the
retrieval of word-pair associates with reference II were
seen in the left (BA 7, z=3.04) and right (BA 7, z=3.48)
precuneus, the visual integration area (BA 19, z=3.83),
in the right frontal cortex (BA 44/46, z=3.36), in three
distinct left frontal cortical areas (BA 45, z=3.46; BA 47,
z=3.46; BA 9/46, z=2.95), and the anterior cingulate 
Table 2 The stereotactic coor-
dinates (x, y, z) of maximal ac-
tivations (increase in BOLD
signal) for encoding word-pairs
minus reference I (nonsense
word-pairs). Coordinates are
according to the atlas of Talair-
ach and Tournoux (1988), areas
are named after Brodmann
(BA). The voxels show levels
of significance above a thresh-
old z=2.33, P=0.01, and a clus-
ter size of k=20
z x y z BA
Precuneus, left 3.56 –12 –76 52 7
Precuneus, right 2.83 4 –68 48 7
Cerebellum, left 3.27 –32 –36 –24
Cerebellum, right 3.82 28 –72 –16
Anterior cingulate 4.47 8 32 28 32
Prefrontal, left 3.76 –32 32 44 8
3.73 –40 8 48 6
3.40 –52 28 32 9/46
Prefrontal, right 4.38 44 36 28 9/46
3.49 40 20 44 8
Parahippocampal, left 3.02 –28 –36 –16
Table 3 The stereotactic coor-
dinates (x, y, z) of maximal ac-
tivations (increase in BOLD
signal) for retrieval minus ref-
erence II (single nonsense
words). Coordinates are ac-
cording to the atlas of Talairach
and Tournoux (1988), areas are
named after Brodmann (BA).
The voxels show levels of sig-
nificance above a threshold
z=2.33, P=0.01, and a cluster
size of k=20
z x y z BA
Secondary visual areas 3.83 20 –76 32 19
Precuneus, left 3.04 –8 –72 52 7
Precuneus, right 3.48 4 –76 48 7
Anterior cingulate 3.74 8 40 16 32
Prefrontal, left 3.46 –56 24 20 45
2.95 –52 36 24 9/46
3.46 –48 24 –12 47
Prefrontal, right 3.36 36 4 32 44/46
Parietal inferior, left 3.45 –36 –72 28 39/40
Parietal inferior, right 3.56 44 –48 28 40
Fig. 2 Retrieval of word-pair associates minus reference II. Spatial distributions of significantly activated voxels are shown as integrated pro-
jections along sagittal, coronal (image right is subjects right), and transverse (image top is subjects left) views of the brain (from left to right)
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Fig. 3 Encoding minus reference I versus retrieval minus refer-
ence II of word-pair associates. Spatial distributions of signifi-
cantly activated voxels are shown as integrated projections along
sagittal, coronal (image right is subjects right), and transverse
(image top is subjects left) views of the brain (from left to right)
Table 4 The stereotactic coordinates (x, y, z) of maximal activa-
tions (increase in BOLD signal) for encoding minus reference I
versus retrieval minus reference II. Coordinates are according to
the atlas of Talairach and Tournoux (1988), areas are named after
Brodmann (BA). The voxels show levels of significance above a
threshold z=1.65, P=0.05, and a cluster size of k=20
z x y z BA
Cerebellum, left 2.85 –48 –6 –32
Cerebellum, right 3.24 12 –44 –12
Prefrontal, left 3.02 –32 32 44 8
2.53 –16 36 28 9
Prefrontal, right 2.76 64 –4 20 6
Temporal, left 3.10 –28 –36 –16 20
3.09 –48 –56 –16 37
Parahippocampal, left 2.77 –28 –20 –16
(BA 32, z=3.74) (Table 3, Fig. 2). An augmentation of
the BOLD response was also seen in the left (BA 39/40,
z=3.45) and right (BA 40, z=3.56) inferior parietal cor-
tex. At a more lenient threshold (z=2.2; cluster size:
k=13), there was a left side dorsolateral thalamic activa-
tion (z=3.13).
Encoding versus retrieval of word-pair associates:
increases in the BOLD signal
For the direct cognitive subtraction encoding versus re-
trieval and vice versa, a more lenient threshold (z=1.65;
P=0.05) was chosen to be able to comprise all important
significantly activated regions (Table 4, Fig. 3). Bilater-
al cerebellar activation (left: z=2.85; right: z=3.24) were
found for the cognitive subtraction analysis “(encoding
minus reference I) minus (retrieval minus reference II)”.
Further significant increases included bilateral prefron-
tal activations augmented on the left (left: BA 8, z=3.02,
BA 9, z=2.53; right: BA 6, z=2.76) and a large activa-
tion cluster in the left temporal lobe comprising the in-
ferior temporal lobe (BA 20, z=3.10), the fusiform 
gyrus (BA 37, z=3.09), and the left parahippocampal
area (z=2.77).
Retrieval versus encoding of word-pair associates:
increases in the BOLD signal
The significantly differentially more activated regions of
“(retrieval minus reference II) minus (encoding minus
reference I)” were the left (BA 7/19, z=2.80) and right
(BA 7/19, z=2.51) precuneus, left (BA 39/40, z=3.63)
and right (BA 40, z=2.51) medial and inferior parietal
cortex, and bilateral frontal regions with augmentation
on the right (left: BA 6, z=2.79; right: BA 45, z=2.43)
(Table 5, Fig. 4). With a smaller cluster size (k=10),
there was significant activation in the left dorsal thala-
mus (z=2.03).
Single-subject analysis
Comparing pooled with single-subject analyses, there
were similarities in activation patterns, but also inter-
subject variability. The prefrontal left or right cortex
reached significant activation clusters in three of the six
subjects during encoding and in all subjects during retri-
eval. Anterior cingulate activation was present in four of
six subjects during both encoding and retrieval. The pre-
cuneus showed significant activation in four of six sub-
jects during retrieval. Bilateral activations in the inferior
parietal cortex were seen in four of six subjects.
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Table 5 The stereotactic coordinates (x, y, z) of maximal activa-
tions (increase in BOLD signal) for retrieval minus reference II
versus encoding minus reference I. Coordinates are according to
the atlas of Talairach and Tournoux (1988), areas are named after
Brodmann (BA). The voxels show levels of significance above a
threshold z=1.65, P=0.05, and a cluster size of k=20
z x y z BA
Precuneus, left 2.80 –24 –68 36 7/19
Parietal inferior, left 3.63 –36 –72 28 39/40
Precuneus, right 2.51 20 –76 32 7/19
Parietal inferior, right 2.51 28 –64 28 39/40
Prefrontal, left 2.79 –4 8 56 6
Prefrontal, right 2.43 44 20 16 45
Fig. 4 Retrieval minus reference II versus encoding minus refer-
ence I of (image top is subjects left) word-pair associates. Spatial
distributions of significantly voxels are shown as integrated pro-
jections along sagittal, coronal (image right is subjects right), and
transverse (image to is subjects left) views of the brain (from left
to right)
Discussion
The results of this study demonstrate activation patterns
of distributed brain regions during episodic encoding and
retrieval of paired word associates using a whole-brain
EPI sequence and a single epoch paradigm.
For visualization of motor cortex or primary sensory
activation, the repetitive delayed box-car design is the
most frequently used paradigm (e.g., Bandettini et al.
1992). However, the design of our cognitive stimulation
paradigm – one set of 12 word-pair associates – made it
necessary to use a single-epoch delayed box-car para-
digm, which means that one initial baseline was fol-
lowed by the “activation” (encoding or retrieval) and
was completed with a final baseline. We provide further
evidence for the feasibility of this type of paradigm de-
sign in the study of higher cortical function supporting
the work that has already been put forward by Buckner
and colleagues (1996).
Since the introduction of fMRI (Belliveau et al. 1991)
as a functional imaging tool, there have been several ap-
proaches to study human memory. However, most of the
studies have employed methods resulting in partial brain
coverage (Le Bihan et al. 1993; McCarthy et al. 1994;
Demb et al. 1995; D’Esposito et al. 1995; Cohen et al.
1997; Gabrieli et al. 1997). Le Bihan and co-workers
(1993) demonstrated activation of human visual cortex
during visual recall with a single slice in an axial-oblique
orientation along the calcarine fissure. McCarthy et al.
(1994) used a single slice of 10 mm thickness through
the frontal cortex in a spatial working-memory task.
They found circumscribed activations in the right middle
frontal cortex, the anterior cingulate, and the left middle
frontal cortex. D’Esposito et al. (1995) presented a
working-memory study, which indicated that the dorso-
lateral prefrontal cortex is involved in dual-task perfor-
mance. They assumed that parts of the dorsolateral pre-
frontal cortex contribute to the so-called central execu-
tive memory, which controls attention and information
flow to and from verbal and spatial short-term memory
buffers. Their method was limited to four slices covering
the frontal cortex. Demb and co-workers (1995), in a
study of semantic encoding and retrieval using few (two
and three, respectively) coronal slices to cover left inferi-
or prefrontal cortex, showed that the quantity of activa-
tion in the left inferior prefrontal cortex function is inde-
pendent of task difficulty. It was shown that, using eight
slices parallel to the AC-PC line, prefrontal cortex along
with parietal cortex appears to play a role in active main-
tenance of information in working memory (Cohen et al.
1997). In a study by Gabrieli et al. (1997), special em-
phasis was placed on the medial temporal lobe by using
eight slices covering the hippocampus perpendicular to
its axis. They found that different structures are responsi-
ble in familiar (anterior-medial temporal) and unfamiliar
(posterio-medial temporal) information processing. Re-
cently, Wagner and colleagues (1998) presented a study
with whole-brain coverage on an incidental word-encod-
ing task and provided evidence that the amount of acti-
vation in a given brain region predicts the success in re-
trieving the encoded information.
We used whole-brain coverage with 26–32 slices
(Shah et al. 1998) parallel to the AC-PC line, depending
on the individual brain size. We chose the reference con-
dition (nonsense-words) primarily to be able to subtract
areas activated due to the visual input and further pro-
cessing of letter strings which obey german spelling
rules. However, there are still some limitations to  be dis-
cussed according the remaining areas. The are at least
three differences between the used reference condition
and the experimental condition: words versus nonsense-
words, greater cognitive effort in one task compared
with the other, and retrieval of words compared with si-
lent reading of nonsense-words. Thus, our results high-
light brain areas with an increase in the BOLD-signal
above a mental state where subjects perceive and read
nonsense-words with a minor cognitive effort. We ob-
served encoding-associated increases of the BOLD re-
sponse bilaterally in the precuneus, bilaterally in the cer-
ebellum, the anterior cingulate, the left and right frontal
cortex, and in the left parahippocampal area. During re-
trieval, increases in the BOLD signal were seen bilateral-
ly in the precuneus, in bilateral medial and inferior pari-
etal cortex, the anterior cingulate, the right prefrontal
cortex, the left dorsolateral prefrontal cortex, as well as
in the dorsomedial thalamus on the left side.
Cognitive subtraction of encoding versus retrieval and
vice versa showed several areas differentially more acti-
vated during encoding than during retrieval: bilateral
cerebellar areas, a left frontopolar region spreading to
the frontal medial cortex, as well as the left temporal
lobe including the hippocampus and the inferior tempo-
ral lobe. Differentially more activation in bilateral precu-
neus, bilateral inferior and medial parietal cortex, and in
the right inferior frontal cortex were found during retri-
eval versus encoding of word-pair associates.
Some of the recent studies have been carried out with
whole-brain coverage (Spitzer et al. 1996; Stern et al.
1996; Busatto et al. 1997, Wagner et al. 1998) and just
one study focused on distributed brain activation pat-
terns in a memory task (Busatto et al. 1997). Using
whole-brain coverage and a novel picture encoding task,
Stern et al. (1996) provide evidence of activation-in-
duced fMRI signal-intensity changes in human hippo-
campal formation. They analyzed the data, using a non-
parametric approach, by placing the regions of interest
in medial temporal lobe structures and fusiform gyrus.
Spitzer et al. (1996) pointed out that an active control
condition might be superior to a rest control condition in
analyzing data from a semantic memory task. Busatto
and coworkers (1997) presented a fMRI-study of epi-
sodic memory using whole-brain coverage with T2*-
weighted images (14 slices). They found encoding and
retrieval patterns associated with activation that were
comparable to those found in previous PET studies. In
contrast to previous PET experiments (Tulving and
Markowitsch 1997), Busatto and co-workers did not ob-
serve activation in the left dorsolateral prefrontal cortex,
but observed activation in Broca’s area. They argue this
might reflect the use of inner speech by subjects to aid
encoding or retrieval.
Although it is known that the BOLD signal, as mea-
sured by fMRI methods, arises from microscopic mag-
netic susceptibility variations, which are themselves
brought about by changes in blood oxygenation; macro-
scopic susceptibility effects arising from tissue bound-
aries, for example, also alter the MR signal in EPI-based
techniques. This effect produces a significant artifact in
prefrontal cortex because of the susceptibility differences
between the ethmoidal air cells and brain tissue, result-
ing in partial or complete signal extinction from the fron-
tal poles. Signal loss, its extent, and the associated geo-
metric distortions, can be influenced by slice orientation
and the chosen phase-encode direction. It is known that
transverse slice orientation suffers especially from signal
loss in the frontal areas (Ojemann et al. 1997). In this
study, despite the aforementioned disadvantage, trans-
verse slices were chosen to maximize presentation rate
(which is also known to strongly influence activation
levels) while maintaining near isotropic resolution.
We found, for encoding as well as for retrieval of
word-pair associates, bilateral frontal lobe activations.
With the cognitive subtraction method, we underline the
HERA model in the interpretation of the role of the pre-
frontal cortex in episodic memory. The proposed
left/right asymmetry (e.g., Tulving et al. 1994; Kapur et
al. 1995) for episodic encoding and retrieval is depen-
dent on the material specificity of the stored and re-
trieved material. There is a more right lateralization
when objects have to be encoded (Moscovitch et al.
1995; Kelley et al. 1998) and a more left lateralization
encoding words (Petersen et al. 1990; Kelley et al.
1998). Our verbal material consisted of high-imagery-
content words containing some kind of object informa-
tion coded in a letter string (i.e., word) and, therefore,
the bilateral predominantly left prefrontal activation dur-
ing encoding and retrieval might be explained. However,
with direct cognitive subtraction, we could show that
there is indeed a lateralization to the left for encoding
and to the right during retrieval. In line with previous
studies that reported an activation of the left dorsolateral
prefrontal cortex during retrieval and focused attention
(Schumacher et al. 1996; Warburton et al. 1996; Johann-
sen et al. 1997), we observed a similar pattern of activa-
tion of the left dorsolateral prefrontal cortex. The dorso-
lateral prefrontal cortex connects mnemonic information
with the preparation of action, a function which is of par-
ticular importance in working-memory processes (Fuster
1995). This function is needed during encoding as well
as during retrieval, and that is probably the reason for the
lack of activation found in the direct cognitive subtrac-
tion. A reason for the activation of bilateral supplemen-
tary motor areas during encoding and retrieval might be
the use of inner speech to store the information (Busatto
et al. 1997). The SMA is known to be involved in the
motor planning of speech (Wise et al. 1991).
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Furthermore, we have demonstrated the importance of
the precuneus in episodic memory. Fletcher and co-
workers (1995b) showed in PET studies with auditory
stimulus presentation that “imageability” of paired asso-
ciates affects activity (i.e., regional cerebral blood flow:
rCBF) of the precuneus during retrieval. In our present
design, we chose word-pair associates of high imagery
content and presented them visually as in a previous PET
study (Halsband et al. 1998). Encoding of such words is
correlated with the use of mnemonic devices that involve
a high degree of imaginability. This rather effective strat-
egy in the storage and retrieval of associative memory
tasks is called “imaginal memory” (Paulesu et al. 1993).
The performance can be dramatically improved using vi-
sual imagery in connecting arbitrary events (Paivo et al.
1966). We have demonstrated that precuneus activation
during retrieval is not only related to the imagery content
of the encoded material, and we were able to demon-
strate further that activation is independent of the stimu-
lus modality (visual or auditory) (Krause et al. 1999a).
There was further evidence for precuneus involvement
during retrieval in a study in which we used structural
equation modeling to demonstrate different cortical net-
works for encoding and retrieval. In this study, we
showed the importance of precuneus in the network dur-
ing encoding and retrieval of verbal material (Krause et
al. 1999b). In the data presented here, we can further-
more indicate precuneus involvement during encoding in
the functional topography.
We report a bilateral increase of cortical activity in
the inferior and medial parietal cortex during retrieval in
the present study. This is in agreement with PET studies
that observed rCBF-changes in these regions (e.g.,
Fletcher et al. 1995a, 1995b) during episodic memory
retrieval. This region was also activated during working
memory processes (McCarthy et al. 1994; Schumacher et
al. 1996; Cohen et al. 1997). Brain-activation studies
during linguistic working memory tasks have determined
a close relation between the inferior parietal cortex and
Broca’s area (Schumacher et al. 1996). The subjects did
not vocalize during the task and, therefore, it would ap-
pear that the act of retrieving words, which are stored as
associates in episodic memory-related areas, from se-
mantic memory activates networks concerned with the
production of speech (Wise et al. 1991). In line with this
hypotheses is another, which suggests that language pro-
cessing is closely related to working-memory networks
and that the language regions in fact originated in evolu-
tion from a working memory network for linguistic utter-
ances (Aboitiz and Garcia 1997).
In the present study, left medial temporal lobe struc-
tures were significantly activated during encoding of the
word pairs. The coordinates of the center-of-mass activa-
tion are in line with recently published data on episodic
memory processes (Gabrieli et al. 1997). There is neuro-
psychological evidence for the importance of temporal
lobe structures in memory function (e.g., Penfield and
Milner 1958; Corkin et al. 1970). In a recent study, we
demonstrated the impact of left medial temporal lobe le-
sions on memory performance (Weckesser et al. 1998).
With the loss of this brain region, the patients had a sig-
nificant lower performance on a paired associate learn-
ing task than healthy subjects, despite the fact that there
was a significant right hippocampal activation. Until re-
cently, the whole medial-temporal region has been cru-
cially implicated in declarative or explicit memory func-
tioning. Recently, however, fMRI has been successfully
applied in disentangling the functional role of separate
areas in the temporal lobe system during encoding and
retrieval of declarative information (Gabrieli et al. 1997).
Because the dorsomedial thalamus is a very small
structure, we used a more lenient threshold in a hypothe-
ses-based statistical evaluation. The significant increase
in BOLD contrast during retrieval in left dorsomedial
thalamic structures may demonstrate attentional gating,
resulting in selection of specific neuronal networks
(Goldman-Rakic and Porrino 1985) in the projection
field of this area. Goldman-Rakic and Porrino (1985)
found that frontal lobe areas as well as the anterior cin-
gulate receive projections from dorsomedial thalamic
structures in the rhesus monkey. Based on case reports, it
was suggested that the thalamus provides the substrate
for lexical-semantic function and may be part of a work-
ing memory network (Fuster 1995; Nadeau and Crosson
1997). The role of dorsomedial thalamic structures has
also been shown in lesion studies in animals (e.g.,
Asanuma et al. 1985; Baleydier and Mauguiere 1987) or
observed in neuropsychological deficits (e.g., Winocur et
al. 1984; Hennerici et al. 1989; Hodges and McCarthy
1993; Clarke et al. 1994; Nadeau and Crosson 1997;
Shuren et al. 1997) after isolated thalamic infarcts. On
the other hand, the possibility also exists that activation
of this additional area is due to visual processing of pre-
sented words (Petersen et al. 1990). However, previous
PET studies indicate a role for thalamic structures, espe-
cially during retrieval (Fletcher et al. 1995b), but specif-
ic localization within the thalamus was not discussed.
There has been the observation of antegrade and retro-
grade memory impairment in several patients (Hennerici
et al. 1989). Previous lesion studies and horseradish ex-
periments of the mediodorsal nucleus’ projections in ani-
mals (Asanuma et al. 1985; Goldman-Rakic and Porrino
1985) and the syndrome in patients after isolated thalam-
ic infarcts who showed impairment of retrieval of high-
imagery-content words (Clarke et al. 1994; Nadeau and
Crosson 1997; Shuren et al. 1997) are pointing towards
the role of this structure. Having this in mind, we con-
clude that our results further indicate the role of the
dorsomedial thalamus in episodic retrieval.
We found activation of anterior cingulate during en-
coding and retrieval of word-pair associates. This is in
line with several functional imaging studies investigating
different higher cortical functions (e.g., Fletcher et al.
1995a, 1995b; D’Esposito et al. 1995). This region has
been proposed to be part of an anterior attentional
system that is critical for response selection among com-
peting, complex contingencies (Posner and Petersen
1990). There exist reciprocal connections to different
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frontal, prefrontal, and parietal areas (Goldman-Rakic
1988). It seems that anterior cingulate is a rather unspe-
cific brain area, which is activated during different kinds
of long-term memory tasks (Fletcher et al. 1995a,
1995b). The lack of activation with direct cognitive sub-
traction is probably due to the fact that encoding and re-
trieval in our study required quite similar degrees of at-
tention and/or concentration.
Our finding of cerebellar activation during encoding
is in line with previously presented results obtained from
lesion, functional imaging, or animal studies (Andreasen
et al. 1995; Doyon et al. 1996; Schmahmann and Pandya
1997; Schmahmann and Sherman 1997), suggesting that
the cerebellum also has remarkable capacities in higher
cognitive function. Several cerebellar regions are espe-
cially involved during learning of motor skills (e.g.,
Doyon et al. 1996). In a PET study, Andreasen and co-
workers (1995) found activation of different, predomi-
nantly left hemispheric, cerebellar regions during retriev-
al of short- or long-term memory contents. We postulate
that the cerebellum may play a more general role during
episodic memory processes.
Conclusion
We were able to show distributed patterns of activated
brain regions, comprising prefrontal areas, anterior cin-
gulate, parahippocampal areas, thalamus, parietal areas
and cerebellar regions in episodic memory by use of a
new whole-brain EPI sequence allowing acquisition of
an arbitrary number of slices. With respect to the direct
cognitive subtraction, our data are in line with the pro-
posed left/right asymmetry for episodic-memory pro-
cesses. However, our data provide an extension of this
model because encoding and retrieval processes engage
bilateral prefrontal cortical areas with an augmentation
on the left side for encoding and on the right side for re-
trieval of word-pair associates. Our findings add further
evidence for the involvement of the cerebellum in epi-
sodic memory. The circumscribed activation of the
dorsomedial thalamus during retrieval of paired associ-
ates may point to a differential role for this structure. A
very important finding is the activation of the precuneus
not only during retrieval of word-pair associates, but
also during encoding.
References
Aboitiz F, Garcia R (1997) The anatomy of language revisited.
Biol Res 30:171–83
Andreasen NC, O’Leary DS, Arndt S, Cizadlo T, Hurtig R, Rezai
K, Watkins GL, Ponto LL, Hichwa RD (1995) Short-term and
long-term verbal memory: a positron emission tomography
study. Proc Natl Acad Sci USA 92:5111–5115
Asanuma C, Andersen RA, Cowan WM (1985) The thalamic rela-
tions of the caudal inferior parietal lobule and the lateral pre-
frontal cortex in monkeys: divergent cortical projections from
cell clusters in the medial pulvinar nucleus. J Comp Neurol
241:357–381
Baleydier C, Mauguiere F (1987) Network organisation of the
connectivity between parietal area 7, posterior cingulate cortex
and medial pulvinar nucleus: a double fluorescent tracer study
in monkey. Exp Brain Res 66:385–393
Bandettini PA, Wong EC, Hinks RS, Tikofsky RS, Hyde JS (1992)
Time course EPI of human brain function during task activa-
tion. Magn Reson Med 25:390–397
Baschek IL, Bredenkamp J, Oehrle B, Wippich W (1977) Bestim-
mung der Bildhaftigkeit (I), Konkretheit (C) und der Be-
deutungshaltigkeit (M) von 800 Substantiven. Zeitschrift für
experimentelle und angewandte Psychologie 24:353–396
Belliveau JW, Kennedy DN Jr., McKinstry RC, Buchbinder BR,
Weisskoff RM, Cohen MS, Vevea JM, Brady TJ, Rosen BR
(1991) Functional mapping of the human visual cortex by
magnetic resonance imaging. Science 254:716–719
Buckner RL, Peterson SE, Ojemann JG, Miezin FM, Squire LR,
Raichle ME (1995) Functional anatomical studies of explicit
and implicit memory retrieval tasks. J Neurosci 15:12–19
Buckner RL, Bandettini PA, O’Craven KM, Savoy RL, Petersen
SE, Raichle ME, Rosen BR (1996) Detection of cortical acti-
vation during averaged single trials of a cognitive task using
functional magnetic resonance imaging. Proc Natl Acad Sci
USA 93:14878–14883
Busatto G, Howard RJ, Ha Y, Brammer M, Wright I, Woodruff
PW, Simmons A, Williams SC, David AS, Bullmore ET
(1997) A functional magnetic resonance imaging study of epi-
sodic memory. Neuroreport 12:2671–2675
Cavada C, Goldman-Racic PS (1989a) Posterior parietal cortex in
rhesus monkey. I. Parcellation of areas based on distinctive
limbic and sensory corticocortical connections. J Comp Neu-
rol 287:393–421
Cavada C, Goldman-Racic PS (1989b) Posterior parietal cortex in
rhesus monkey. II. Evidence for segregated corticocortical net-
works linking sensory and limbic areas with the frontal lobe. J
Comp Neurol 287:422–445
Clarke S, Assal G, Bogousslavsky J, Regli F, Townsend DW,
Leenders KL, Blecic SJ (1994) Pure amnesia after unilateral
left polar thalamic infarct: topographic and sequential neuro-
psychologicval and metabolic (PET) correlation’s. Neurol
Neurosurg Psychiatry 57:27–34
Cohen JD, Peristein WM, Brave, TS, Nystrom LE, Noll DC,
Jonides J, Smith EE (1997) Temporal dynamics of brain acti-
vation during a working memory task. Nature 386:604–608
Corkin S, Milner B, Rasmussen T (1970) Somatosensory thresh-
olds – contrasting effects of postcentral-gyrus and posterior
parietal-lobe excisions. Arch Neurol 23:41-58
Demb JB, Desmond JE, Wagner AD, Vaidya CJ, Glover GH, Ga-
brieli JDE (1995) Semantic encoding and retrieval in the left
inferior prefrontal cortex: a functional MRI study of task diffi-
culty and process specificity. J Neurosci 15:5870–5878
D’Esposito M, Detre JA, Alsop DC, Shin RK, Atlas S, Grossman
M (1995) The neural basis of the central executive system of
working memory. Nature 378:279–281
Doyon J, Owen AM, Petrides M, Sziklas V, Evans AC (1996)
Functional anatomy of visuomotor skill learning in human
subjects examined with positron emission tomography. Eur J
Neurosci 8:637–648
Fletcher PC, Dolan RJ, Frith CD (1995a) The functional anatomy
of memory. Experientia 51:1197–1207
Fletcher PC, Frith CD, Grasby PM, Shallice T, Frackowiak RSJ,
Dolan RJ (1995b) Brain systems for encoding and retrieval of
auditory verbal memory: an in vivo study in humans. Brain
118:401–416
Friston KJ, Jezzard P, Turner R (1994a) Analysis of functional
fMRI time-series. Hum Brain Mapp 1:153–173
Friston KJ, Worsley KJ, Frackowiak RSJ, Mazziotta JC, Evans
AC (1994b) Assessing the significance of focal activations us-
ing their spatial extent. Hum Brain Mapp 1:210–220
Friston KJ, Ashburner J, Frith CD, Poline JB, Heather JD,
Frackowiak RSJ (1995a) Spatial registration and normalisat-
ion of images. Hum Brain Mapp 2:165–189
Friston KJ, Holmes AP, Worsley KJ, Poline JB, Frith CD,
Frackowiak RSJ (1995b) Statistical parametric mapping in
341
functional imaging: a general linear approach. Hum Brain
Mapp 2:189–210
Friston KJ, Holmes AP, Poline JB, Grasby PJ, Frackowiak RSJ,
Turner R (1995c) Analysis of functional fMRI time-series re-
visited. Neuroimage 2:45–53
Fuster JM (1995) Memory in the cerebral cortex. MIT press, Cam-
bridge
Gabrieli JDE (1998) Cognitive neuroscience of human memory.
Annu Rev Psychol 49:87–115
Gabrieli JDE, Brewer JB, Desmond JE, Glover GH (1997) Sepa-
rate neural bases of two fundamental memory processes in the
human medial temporal lobe. Science 276:264–266
Goldman-Rakic PS (1988) Topography of cognition: parallel dis-
tributed networks in primate association cortex. Annu Rev
Neurosci 11:137–156
Goldman-Rakic PS, Porrino LJ (1985) The primate mediodorsal
(MD) nucleus and its projection to the frontal lobe. J Comp
Neurol 242:535–560
Halsband U, Krause BJ, Schmidt D, Herzog H, Telimann L,
Müller-Gärtner HW (1998) Encoding and retrieval in declara-
tive learning: a positron emission tomography study. Behav
Brain Res 97:69–78
Hennerici M, Halsband U, Kuwert T, Steinmetz H, Herzog H,
Aulich A, Feinendegen LE (1989) PET and neuropsychology
in thalamic infarction: evidence for associated cortical dys-
function. Psychol Res 29:363–365
Hodges JR, McCarthy RA (1993) Autobiographical amnesia re-
sulting from bilateral paramedian thalamic infarction. A case
study in cognitive neurobiology. Brain 116:921–40
Johannsen P, Jakobsen J, Bruhn P, Hansen SB, Gee A, Stodkilde-Jor-
gensen H, Gjedde A (1997) Cortical sites of sustained and divid-
ed attention in normal elderly humans. Neuroimage 6:145–155
Kapur S, Craik FIM, Jones C, Brown GM, Houle S, Tuiving E
(1995) Functional role of the prefrontal cortex in retrieval of
memories: a PET study. Neuroreport 6:1880–1884
Kelley WM, Miezin FM, McDermott KB, Buckner RL, Raichle
ME, Cohen NJ, Ollinger JM, Akbudak E, Conturo TE, Snyder
AZ, Petersen SE (1998) Hemispheric specialization in human
dorsal frontal cortex and medial temporal lobe for verbal and
nonverbal memory encoding. Neuron 20:927–936
Kievit J, Kuypers HG (1977) Organisation of the thalamo-cortical
connections to the frontal lobe in the rhesus monkey. Exp
Brain Res 29:299–322
Krause BJ, Schmidt D, Mottaghy FM, Halsband U, Herzog H,
Müller-Gärtner HW (1999a) Episodic retrieval activates the
precuneus irrespective of the imagery content of word pair as-
sociates. A PET study. Brain 122:255–263
Krause BJ, Horwitz B, Taylor J, Schmidt D, Mottaghy FM, Hals-
band U, Herzog H, Tellmann L, Müller-Gärtner HW (1999b)
Network analysis in episodic encoding and retrieval of word
pair associates: a PET study. Eur J Neurosci (in press)
Le Bihan D (1996) Functional MRI of the brain principles, appli-
cations and limitations. J Neuroradiol 23:1–5
Le Bihan D, Turner R, Zeffiro A, Cuenod CA, Jezzard P, Bonnerot
V (1993) Activation of human primary visual cortex during vi-
sual recall: a magnetic resonance imaging study. Proc Natl
Acad Sci USA 90:11802–11805
Meier H (1964) Deutsche Sprachstatistik. Olms-Verlag, Hildes-
heim
McCarthy G, Blamire AM, Puce A, Nobre AC, Bloch G, Hyder F,
Goldman-Rakic P, Shulman RG (1994) Functional magnetic
resonance imaging of human prefrontal cortex activation dur-
ing a spatial working memory task. Proc Natl Acad Sci USA
91:8690–8694
Moscovitch C, Kapur S, Kohler S, Houle S (1995) Distinct neural
correlates of visual long-term memory for spatial location and
object identity: a positron emission tomography study in hu-
mans. Proc Natl Acad Sci USA 92:3721–3725
Nadeau SE, Crosson B (1997) Subcortical aphasia. Brain Lang
58:355–402
Nyberg L, Cabeza R, Tulving E (1996) PET studies of encoding
and retrieval: the HERA model. Psychonomic Bull Rev 3:
135–148
Nyberg L, McIntosh AR, Tulving E (1998) Functional brain imag-
ing of episodic and semantic memory with positron emission
tomography. J Mol Med 76:48–53
Ojemann JG, Akbudak E, Snyder AZ, McKinstry RC, Raichle
ME, Conturo TE (1997) Anatomic localisation and quantita-
tive analysis of gradient refocused echo-planar fMRI suscepti-
bility artifacts. Neuroimage 6:156–167
Oldfield RC (1971) The assessment and analysis of handedness:
the Edinburgh inventory. Neuropsychologia 9:97–113
Paivio A, Yuille JC, Smythe PC (1966) Stimulus and response ab-
stractness, imagery and meaningfulness, and reported media-
tors in paired-associate learning. Can J Psychol 20:362–377
Paulesu E, Frith CD, Frackowiak RSJ (1993) The neural correlates
of the verbal component of working memory. Nature 362:
342–345
Penfield W, Milner B (1958) Memory deficit produced by bilateral
lesions in the hippocampal zone. Arch Neurol Psychiatry
79:475–497
Petersen SE, Fox PT, Snyder AZ, Raichle ME (1990) Activation
of extrastriate and frontal cortical areas by visual words and
word-like stimuli. Science 249:1041
Poline JB, Worsley KJ, Holmes AP, Frackowiak RSJ, Friston KJ
(1995) Estimating smoothness in statistical parametric maps:
variability of P values. J Comput Assist Tomogr 19:788–796
Posner MI, Petersen SE (1990) The attention system of the human
brain. Annu Rev Neurosci 13:25–42
Rudge P, Warrington EK (1991) Selective impairment of memory
and visual perception in spienial tumours. Brain 114:249–360
Schacter DL (1987) Memory, amnesia, and frontal lobe dysfunc-
tion. Psychobiology 15:21–36
Schacter DL, Wagner AD (1999) Medial temporal lobe activations
in fMRI and PET studies of episodic encoding and retrieval.
Hippocampus 9:7–24
Schmahmann JD, Pandya DN (1997) Anatomic organisation of the
basilar pontine projections from prefrontal cortices in rhesus
monkey. J Neurosci 17:438–458
Schmahmann JD, Sherman JC (1997) Cerebellar cognitive affec-
tive syndrome. Int Rev Neurobiol 41:433–440
Schumacher EH, Lauber E, Awh E, Jonides J, Smith EE, Koeppe
RA (1996) PET evidence for an amodal verbal working mem-
ory system. Neuroimage 3:79–88
Scoville WB, Milner B (1957) Loss of recent memory after bilat-
eral hippocampal lesions. J Neurol Neurosurg Psychiatry
20:11–21
Shah NJ, Krause BJ, Mottaghy FM, Schmidt D, Grosse-Ruyken
ML, Jäncke L, Müller-Gärtner HW (1998) Whole-brain fMRI
of encoding and retrieval in episodic declarative memory. Proc
ISMRI: p 1524
Shuren JE, Jacobs DH, Heilman KM (1997) Diencephalic tempo-
ral order amnesia. J Neurol Neurosurg Psychiatry 62:163–168
Spitzer M, Bellemann ME, Kammer T, Gueckel F, Kischka U,
Maier S, Schwartz A, Brix G (1996) Functional MR imaging
of semantic information processing and learning-related ef-
fects using psychometrically controlled stimulation paradigms.
Brain Res Cogn Brain Res 4:149–161
Stern CE, Corkin S, Gonzales RG, Guimares AR, Baker JR, Jen-
nings PJ, Carr CA, Sugiura RM, Vedantham V, Rosen BR
(1996) The hippocampal formation participates in novel pic-
ture encoding: evidence from functional magnetic resonance
imaging. Proc Natl Acad Sci USA 93:8660–8665
Talairach J, Tounoux P (1988) Co-planar stereotactic atlas of the
human brain: 3-dimensional proportional system: an approach
to cerebral imaging. Thieme, Stuttgart
Tulving E (1983) Elements of episodic memory. Clarendorn, Ox-
ford
Tulving E (1985) How many memory systems are there? Am Psy-
chol 40:385–398
Tulving E, Markowitsch HJ (1997) Memory beyond the hippo-
campus. Curr Opin Neurobiol 7:209–216
Tulving E, Kapur S, Craik FIM, Markowitsch HJ, Houle S (1994)
Hemispheric encoding/retrieval asymmetry in episodic memo-
ry: positron emission tomography findings. Proc Natl Acad
Sci USA 91:2016–2020
Winocur G, Oxbury S, Roberts R, Agnetti V, Davis C (1984) Am-
nesia in a patient with bilateral lesions to the thalamus. Neuro-
psychologia 22:123–143
Wise R, Chollet F, Hadar U, Friston K, Hoffner E, Frackowiak
RJS (1991) Distribution of cortical neural networks involved
in word comprehension and word retrieval. Brain 114:1803–
1817
Worsley KJ, Friston KJ (1995) Analysis of fMRI time-series revis-
ited-again. Neuroimage 3:173–181
Yetarian EH, Pandya DN (1985) Corticothalamic connection of
the posterior parietal cortex in the rhesus monkey. J Comp
Neurol 237:408–426
Zola-Morgan S, Squire LR, Amaral DG (1986) Human amnesia
and the medial temporal region: enduring memory impairment
following a bilateral lesion limited to field CAl of the hippo-
campus. J Neurosci 6:2950–2967
342
Wagner AD, Poldrack RA, Eldridge LL, Desmond JE, Glover GH,
Gabrieli JD (1998) Material-specific lateralization of prefron-
tal activation during episodic encoding and retrieval. Neurore-
port 9:3711–3717
Warburton E, Wise RJ, Price CJ, Weiller C, Hadar U, Ramsay S,
Frackowiak RS (1996) Noun and verb retrieval by normal sub-
jects. Studies with PET. Brain 119:159–179
Warrington EK, Weiskrantz L (1982) Amnesia: a disconnection
syndrome? Neuropsychologica 20:233–249
Wechsler D (1945) A standardized memory scale for clinical use.
J Psychol 19:87–95
Weckesser M, Grunwald T, Krause BJ, Schmidt D, Tellmann L,
Herzog H, Elger CE, Müller-Gärtner HW (1998) Regional ce-
rebral blood flow changes during learning and retrieval of
word pair associates in patients with left temporal lobe epilep-
sy. Neuroimage 7:S840
Weiskrantz L (1987) Neuroanatomy of memory and amnesia: a
case for multiple memory systems. Hum Neurobiol 6:93–105
